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Fully coupled, Nonisothermal, 
highly resolved 3-D Multi-phase 
Multi-component models 

De-coupled, simplified 3-D 
Multi-phase models 

Vertically Integrated 2-D 
(Quasi 3-D) Models 

Simplified Vertically 
Integrated Models 

(Parallel Numerical Algorithms) 

(Analytical Solutions) 

Web Interface: Simple plumes 
plus well leakage (“ELSA”) 



SIMPLEST ANALYTICAL SOLUTION 
• Horizontal, homogeneous formations. 
• Constant injection rate in a single vertical well. 
• Vertical Equilibrium and Sharp Interface 

H = hT,B 

hT,M 



H = hT,B 

hT,M 

(< 0.1) 



(See: Celia at al., 2011) 
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2D Numerical 
Solutions (“VESA”) 
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(See: Nordbotten and Celia, 2012) 

SPATIAL SCALES 

Macro 

Micro Meso 



(See: Nordbotten and Celia, 2012) 

TEMPORAL SCALES 

Macro Meso 

Mega 

Micro 



Vertically Integrated Models (VESA) 
Key Assumption: Density segregation has occurred (t*<<T).   

Simplest Case:  Zero velocity along x3 (“vertical equilibrium” 
or “Dupuit assumption”)  
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Transition Zone 
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Vertically Integrated Models 

1. Solve coarse equation for   
2. Reconstruct  
3. Update mobilities                  
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Sharp Interface Assumption 
Capillary Transition 
Zone  negligible 

(See: Court et al., 2012) 



Dissolution and Geochemistry 
CO2 Plume: Equilibrium Partitioning 

H = hT,B 

hT,M 



Dissolution and Geochemistry 
CO2 Plume: Equilibrium Partitioning 

H = hT,B 

hT,M 

Advancement of dissolution fingers (Riaz et al. 05) 

H 

Dissolved CO2 Transport in Brine: 
Convective Mixing 



MODELS WITH CAPILLARY TRAPPING AND DISSOLUTION 

(See: Bandilla et al., 2013; Gasda et al., 2011, 2012; 
Nordbotten and Celia, 2012) 



LARGE-SCALE APPLICATION OF VE MODEL 



Separate Phase (mobile) CO2 

Separate Phase (residual) CO2 

Dissolved CO2 in brine 

(See: Gasda et al., 2011, 2012) 



Long-term Predictions 

Residual CO2 

Dissolved CO2 

Free-phase CO2 



Fault, Fractures, Wells, Leakage 

Modified 
“Peaceman-type” 
corrections 

Qleak 



CONCLUDING COMMENTS 
1. Vertically integrated models are often reasonable choices 

for practical calculations 

2. A Multi-scale framework allows assumptions and 
representations across scales to be identified explicitly. 

3. Most important processes can be included. 

4. Extensions include complete hysteresis, thermal effects, 
geomechanics, and vertical dynamics. 

5. Models should be compatible with the questions being 
asked and the available data. 



MULTI-SCALE MODELS 

     Upscaling  Downscaling 

 

Compression   Reconstruction  

Nonwetting Phase (CO2) 

Wetting Phase (Brine) 

Solid Phase 
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     Upscaling  Downscaling 
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